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BigBOSS	
  is	
  a	
  Stage	
  IV	
  Dark	
  Energy	
  based	
  on	
  the	
  Baryon	
  Acous8c	
  Oscilla8ons	
  (BAO)	
  and	
  Red	
  ShiS	
  Distor8ons	
  (RSD)	
  techniques	
  
using	
  spectroscopic	
  data	
  of	
  20	
  million	
  ELG	
  and	
  LRG	
  galaxies	
  at	
  0.5<z<1.6	
   in	
  addi8on	
  to	
  several	
  hundred	
  thousand	
  QSOs	
  at	
  
0.5<z<3.5.	
   	
  When	
  designing	
  BigBOSS	
  instrumenta8on,	
  it	
  is	
  impera8ve	
  to	
  maximize	
  throughput	
  whilst	
  maintaining	
  a	
  resolving	
  
power	
  of	
  between	
  R=1500	
  and	
  4000	
  over	
  a	
  wavelength	
  range	
  of	
  360-­‐980	
  nm.	
  Volume	
  Phase	
  Holographic	
  (VPH)	
  gra8ngs	
  have	
  
been	
  iden8fied	
  as	
  a	
  key	
  technology	
  which	
  will	
  enable	
  the	
  efficiency	
  requirement	
  to	
  be	
  met,	
  however	
  it	
  is	
  important	
  to	
  be	
  able	
  
to	
  accurately	
  predict	
  their	
  performance.	
   In	
  this	
  paper	
  we	
  quan8ta8vely	
  compare	
  different	
  modeling	
  techniques	
  in	
  order	
  to	
  
assess	
   the	
  parameter	
   space	
  over	
  which	
   they	
  are	
  more	
  capable	
  of	
  accurately	
  predic8ng	
  measured	
  performance.	
  Finally	
  we	
  
present	
  	
  baseline	
  parameters	
  for	
  gra8ng	
  designs	
  that	
  are	
  most	
  suitable	
  for	
  the	
  BigBOSS	
  instrument.	
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Slanted	
  fringe	
  gra6ngs	
  -­‐	
  Til8ng	
  the	
  fringes	
  of	
  the	
  gra8ngs	
  is	
  an	
  effec8ve	
  way	
  of	
  reducing	
  Li=row	
  ghosts	
  
in	
  addi8on	
  to	
  decreasing	
  the	
  gra8ngs	
  size	
  whilst	
  maintaining	
  the	
  efficiency	
  profile	
  of	
  	
  a	
  larger	
  gra8ng	
  
	
  

•  When	
  a	
  VPH	
  is	
  illuminated	
  at	
  an	
  angle	
  which	
  does	
  not	
  sa8sfy	
  the	
  Li=row	
  
condi8on	
  (θincident=θdiffracted)	
  the	
  diffrac8on	
  efficiency	
  profile	
  with	
  respect	
  to	
  	
  
wavelength	
  shiSs	
  

•   θincident	
  w.r.t.	
  normal	
  moves	
  the	
  peak	
  of	
  the	
  diffrac8on	
  energy	
  to	
  shorter	
  
wavelengths	
  

•   θincident	
  w.r.t.	
  normal	
  moves	
  the	
  peak	
  of	
  the	
  diffrac8on	
  energy	
  to	
  longer	
  
wavelengths	
  

The	
  change	
  in	
  illumina8on	
  angle	
  also	
  results	
  in	
  an	
  anamorphic	
  magnifica8on	
  of	
  the	
  beam	
  which	
  is	
  especially	
  
desirable	
  if	
  slanted	
  fringes	
  can	
  be	
  used	
  to	
  achieve	
  the	
  diffrac8on	
  efficiency	
  profile	
  required.	
  

line	
  densi8es	
   	
  ν=1/Λ 	
  <6000	
  lmm-­‐1	
  	
  	
  

	
  wavelength	
  range	
   	
  λ 	
  350-­‐2400	
  nm	
  	
  

	
  modula8on	
  varia8on	
  Δn 	
  0.02-­‐0.1	
  	
  

	
  	
  gel	
  thickness 	
  d 	
  2-­‐	
  9	
  μm	
  	
  
	
  	
  

Kogelnik1:	
  	
  
•  simple	
  method	
  but	
  only	
  deals	
  with	
  0th	
  and	
  1st	
  order	
  inside	
  
the	
  gra8ng.	
  Ignores	
  diffracted	
  light	
  that	
  is	
  generated	
  in	
  the	
  
boundary	
  surface	
  of	
  modula8on	
  and	
  non-­‐modula8on	
  
when	
  the	
  reference	
  beam	
  enters	
  the	
  gra8ng	
  from	
  air	
  or	
  
the	
  object	
  beam	
  exits	
  into	
  air	
  from	
  the	
  gra8ng.	
  

Commercially	
  available	
  Rigorous	
  Coupled	
  Wave	
  
Analysis	
  (RCWA)	
  code:	
  
	
  
	
  
	
  

Vendor	
  soHware:	
  
•  Usually	
  guaranteed	
  to	
  produce	
  a	
  gra8ng	
  that	
  has	
  

efficiency	
  to	
  within	
  7-­‐10%	
  of	
  their	
  predicted	
  
efficiency	
  at	
  a	
  given	
  wavelength	
  

BigBOSS	
  spectrograph	
  
Spectrograph	
  Requirements	
  (from	
  Science	
  Requirements):	
  

•  FWHM	
  Spectral	
  Resolu8on	
  (to	
  resolve	
  OII	
  doublet)	
  
•  Throughout	
  (for	
  signal	
  to	
  noise	
  on	
  galaxy)	
  
•  500	
  fiber	
  slit	
  (to	
  achieve	
  desired	
  number	
  of	
  
galaxies)	
  

Spectrograph	
  Design:	
  
•  3	
  arms	
  to	
  achieve	
  resolu8on	
  and	
  throughput	
  
•  Reflec8ve	
  collimator	
  
•  Refrac8ve	
  Cameras	
  
•  4kx4k	
  CCD	
  detectors	
  
•  Fibre	
  slit	
  design	
  is	
  based	
  on	
  BOSS	
  design	
  

Advantages	
  of	
  VPH	
  compared	
  to	
  Surface	
  Relief	
  (SR):	
  
•  higher	
  peak	
  diffrac8on	
  efficiency	
  ;	
  
•  fewer	
  gra8ng	
  anomalies;	
  
•  large	
  VPH	
  gra8ng	
  structures,	
  up	
  to	
  and	
  larger	
  than	
  800	
  mm	
  in	
  diameter;	
  
•  Robust	
  since	
  the	
  gra8ng	
  is	
  encapsulated	
  within	
  the	
  glass.	
  
VPH	
  in	
  astronomy2	
  -­‐	
  used	
  in	
  a	
  number	
  of	
  spectrographs	
  in	
  many	
  
different	
  forms	
  and	
  environments:	
  
•  VPH	
  grisms	
  operated	
  at	
  cryogenic	
  temperature	
  in	
  MOIRCS,	
  a	
  Cassegrain	
  near-­‐
infrared	
  instrument	
  of	
  the	
  Subaru	
  Telescope;	
  

•  Apache	
  Point	
  Observatory	
  Galac8c	
  Evolu8on	
  Experiment	
  (APOGEE)	
  spectrograph,	
  
which	
  uses	
  large,	
  304	
  x	
  508,	
  glass	
  to	
  accommodate	
  an	
  ellip8cally	
  shaped	
  clear	
  
aperture	
  of	
  290	
  mm	
  x	
  475	
  mm;	
  

•  FORS2	
  at	
  the	
  VLT	
  which	
  has	
  a	
  number	
  of	
  high-­‐throughput	
  VPH	
  grisms;	
  
•  Being	
  considered	
  for	
  instruments	
  on	
  many	
  large	
  telescopes,	
  including	
  the	
  Wide	
  
Field	
  Op8cal	
  Spectrograph	
  (WFOS)	
  for	
  the	
  Thirty	
  Meter	
  Telescope	
  (TMT).	
  

Modelling	
  comparisons:	
  
Gra8ng	
  efficiency	
  predic8ons	
  made	
  by	
  Kogelnik	
  analysis	
  and	
  GsolverTM	
  were	
  compared	
  to	
  predic8ons	
  made	
  by	
  James	
  Arns	
  at	
  
Kaiser.	
  Figure	
  4	
  shows	
  the	
  gra8ng	
  efficiency	
  as	
  a	
  func8on	
  of	
  wavelength.	
  Since	
  Kaiser	
  normally	
  guarantees	
  that	
  their	
  gra8ngs	
  will	
  be	
  
delivered	
  to	
  within	
  7-­‐10%	
  of	
  their	
  predicted	
  values,	
  the	
  efficiency	
  predic8ons	
  of	
  the	
  other	
  two	
  methods	
  were	
  compared	
  to	
  these	
  
numbers.	
  Figures	
  5-­‐7	
  shows	
  the	
  percentage	
  difference	
  between	
  the	
  efficiencies	
  predicted	
  by	
  Kogelnik	
  analysis	
  and	
  GsolverTM,	
  
compared	
  to	
  Arns’	
  predic8ons.	
  
As	
  is	
  shown	
  in	
  these	
  figures,	
  GsolverTM	
  predicts	
  the	
  gra8ng	
  efficiency	
  to	
  within	
  the	
  manufacturing	
  tolerances	
  of	
  Arns	
  predic8ons	
  
over	
  our	
  en8re	
  wavelength	
  band	
  for	
  our	
  specific	
  parameters.	
  Kogelnik	
  analysis	
  predicts	
  the	
  correct	
  shape	
  of	
  the	
  curve	
  and	
  where	
  
the	
  peak	
  in	
  efficiency	
  occurs,	
  however	
  it	
  does	
  not	
  predict	
  absolute	
  efficiencies	
  well	
  enough	
  to	
  be	
  used	
  in	
  this	
  project.	
  	
  

Modelling	
  comparisons	
  and	
  example	
  gra6ng	
  efficiencies	
  

Figure	
  1:	
  Schema8c	
  of	
  VPH	
  
gra8ngs	
  including	
  
parameter	
  defini8on	
  

Figure	
  2:	
  BigBOSS	
  Spectrograph	
  design	
  

Figure	
  4:	
  Gra8ng	
  efficiency	
  predic8ons	
  for	
  gra8ngs	
  with	
  an	
  angular	
  dispersion	
  of	
  14.3	
  degrees.	
  Grey	
  area	
  
shows	
  manufacturing	
  tolerances	
  

Figure	
  5:	
  Blue	
  arm	
  –	
  comparison	
  of	
  efficiency	
  
predic8ons	
  made	
  by	
  Kogelnik	
  analysis	
  and	
  
GsolverTM	
  compared	
  to	
  Arns	
  at	
  Kaiser	
  predic8ons	
  

Figure	
  6:	
  Red	
  arm	
  –	
  comparison	
  of	
  efficiency	
  
predic8ons	
  made	
  by	
  Kogelnik	
  analysis	
  and	
  
GsolverTM	
  compared	
  to	
  Arns	
  at	
  Kaiser	
  predic8ons	
  

Figure	
  7:	
  NIR	
  arm	
  –	
  comparison	
  of	
  efficiency	
  
predic8ons	
  made	
  by	
  Kogelnik	
  analysis	
  and	
  
GsolverTM	
  compared	
  to	
  Arns	
  at	
  Kaiser	
  predic8ons	
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•  GsolverTM	
  	
  3	
  
•  DiPoGTM	
  	
  

•  GD-­‐CalcTM	
  	
  

•  Gra8ngMODTM	
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Figure	
  3:	
  Schema8c	
  of	
  a	
  gra8ng	
  
with	
  slanted	
  fringes	
  


